It has previously been shown that the abscisic acid (ABA)-deficient flacca and sitiens mutants of tomato are impaired in ABA-aldehyde oxidation and accumulate trans-ABA-alcohol as a result of the biosynthetic block (IB Taylor, RST Linforth, RJ AlNaieb, WR Bowman, BA Marples (1988] (1 1, 13 ). Fluridone and norflurazon, specific inhibitors of carotenoid biosynthesis, also inhibit ABA biosynthesis (4). 180 labeling experiments show incorporation predominantly into the side chain carboxyl group of ABA, suggesting oxidative cleavage of xanthophylls which contain oxygens on the ring of ABA (1, 2, 30). Li and Walton (7) showed a 1:1 relationship on a molar basis between decreases in violaxanthin and 9'-cis-neoxanthin and increases in ABA and the catabolites PA4 and dihydrophaseic acid in darkgrown water-stressed bean leaves; similar results have been obtained by others (4, 16). Rock and Zeevaart (23) characterized aba, the ABA-deficient mutant of Arabidopsis thaliana (6), as being impaired in epoxy-carotenoid biosynthesis, which provides strong evidence for the indirect pathway of ABA biosynthesis.
ized in vitro (24, 25) . The viviparous mutants of maize are blocked in the early stages of carotenoid biosynthesis and are ABA deficient (1 1, 13) . Fluridone and norflurazon, specific inhibitors of carotenoid biosynthesis, also inhibit ABA biosynthesis (4) . 180 labeling experiments show incorporation predominantly into the side chain carboxyl group of ABA, suggesting oxidative cleavage of xanthophylls which contain oxygens on the ring of ABA (1, 2, 30) . Li and Walton (7) showed a 1:1 relationship on a molar basis between decreases in violaxanthin and 9'-cis-neoxanthin and increases in ABA and the catabolites PA4 and dihydrophaseic acid in darkgrown water-stressed bean leaves; similar results have been obtained by others (4, 16) . Rock and Zeevaart (23) characterized aba, the ABA-deficient mutant of Arabidopsis thaliana (6) , as being impaired in epoxy-carotenoid biosynthesis, which provides strong evidence for the indirect pathway of ABA biosynthesis.
There are three nonallelic ABA-deficient mutants of tomato-not, flc, and sit-which differ in their phenotypic severity of transpiration rates and inability to close their stomata (12, 26) . Application of ABA can restore the normal phenotype (12, 26) . Feeding studies and enzymology have established that the fic and sit mutants are blocked in ABAaldehyde oxidation (24, 25, 27) . The Az34 (nar2a) molybdenum cofactor mutant of barley (28) , the droopy mutant of potato (3, 20) , and the CKRI mutant of Nicotiana plumbaginifolia (17) have also been characterized as being blocked in ABA-aldehyde oxidation.
Because the fic and sit mutants accumulate t-ABA-alcohol as a result of the ABA-aldehyde oxidase biosynthetic block (8, 9, 27) , our observation that the flc and sit mutants accumulate significant amounts of t-ABA-GE (22) prompted us to investigate whether ABA-alcohol could be a biosynthetic intermediate between ABA-aldehyde and ABA. Our results confirm this hypothesis and establish that the enzyme involved in ABA-alcohol oxidation is a P-450 monooxygenase. This shunt pathway is the source of doubly-carboxyl-labeled ABA observed in '802-labeling experiments with numerous species (30) .
MATERIALS AND METHODS Plant Material
Seeds of Lycopersicon esculentum Mill. cv Rheinlands
Ruhm and the near-isogenic mutants not, flc, and sit were germinated on filter paper under continuous light and transplanted to pots that were subirrigated with half-strength Hoagland solution. Plants were grown for 6 to 10 weeks in a high humidity growth chamber and maintained on a diurnal cycle of 9 h light (300 ,uE * m2 * s-'), 23°C and 15 h dark, 20°C.
For ABA biosynthesis studies, the leaves were harvested and water stressed by dehydrating with a hair dryer until 14% of the fresh weight was lost. ABA, ABA-GE, and PA Analysis ABA and catabolites were extracted with acetone plus 0.025% (w/v) 2,6-di-tert-butyl-4-methylphenol and 0.25% (v/ v) glacial acetic acid, partitioned at pH 3.0 into ethyl acetate, and purified by reverse phase HPLC as described previously (23) . The trans isomers of ABA and ABA-GE had slightly shorter retention times in the HPLC system than the respective cis isomers. Samples were methylated with ethereal diazomethane and quantified by GC-NCI-SIM as described before (23 (8, 12, 26) , there was a correlation between ABA levels and resistance to wilting in unstressed leaves of the mutants; this correlation also holds for the ABA catabolites ABA-GE and PA (Table I) . Furthermore, there is an inverse correlation between t-ABA and t-ABA-GE accumulation and phenotypic severity ofthe mutants (Table I) . Trans-ABA is rapidly esterified to trans-ABA-GE (10). Trans-PA has not been identified in plants. The least severe mutant, not, accumulated similar amounts of t-ABA and t-ABA-GE, taken together, as wild type (Table I ). The most severe mutant, sit, accumulated the most t-ABA and t-ABA-GE, andflc had intermediate levels between not and sit (Table I) . These results correlate with increased levels of t-ABA-alcohol in theflc and sit mutants (8) .
180 labeling of ABA in vivo and quantitation by MS allows measurement of biosynthetic capacity of the ABA pathway (C. D. Rock, T. G. Heath, J. A. D. Zeevaart, unpublished data; 21, 30) . Table II shows quantitation of '80-labeled ABA, t-ABA, and catabolites from water-stressed leaves incubated under 1802 for various lengths of time. Consistent with the results in Table I , there was a correlation between phenotypic severity of the mutants and lower ABA biosynthetic capacity (Table II) . Furthermore, there was a correlation between phenotypic severity ofthe mutants and relative rates of t-ABA biosynthesis, as measured by the ratio of cis-ABA and metabolites to trans-ABA and metabolites (Table II) . However, t-ABA and t-ABA-GE biosynthesis, taken together, were still decreased in the mutants by >60% (Table II) .
The fragmentation of Me-ABA by NCI has been elucidated type and mutant tissues synthesized approximately equal but small amounts; significantly, flc and sit synthesized more doubly-carboxyl-labeled t-ABA than wild type (Table III) . This result correlates with endogenous t-ABA-alcohol levels in wild-type and mutant leaves (8 Table IV , it is clear that flc is impaired in the oxidation of ABA-aldehyde, as previously shown (24, 27) . In the [2H3-6]-(±)ABA-alcohol feed, the high oxidation rate in wild type was probably due to conversion ofABA-alcohol to ABA-aldehyde, which occurs nonenzymatically in vitro (C. D. Rock, unpublished observations). Leaves offlc converted a higher percentage of [2H3 6](±)ABA-alcohol than of [2H3 6](±)ABA-aldehyde to ['802H3-6]ABA (Table IV) , which supports the hypothesis that ABA-alcohol is converted to ABA by oxidation with molecular oxygen.
To test the involvement of a P-450 monooxygenase as the molecular mechanism of ABA-alcohol oxidation in tomato, we utilized carbon monoxide, a specific inhibitor of heme P-450 monooxygenases (15) . The (Table VI, columns 6 and 7) was significantly decreased by CO treatment. When ABA and t-ABA from this experiment were quantified, >70% inhibition of doubly-carboxyl-labeled ABA and t-ABA biosynthesis was observed (Table VI) . The results of these experiments support the conclusion that a P-450 monooxygenase is responsible for ABA-alcohol oxidation in vivo.
DISCUSSION
Based on the results presented here, we conclude that ABAalcohol is an intermediate in ABA biosynthesis in a shunt pathway from ABA-aldehyde that involves reduction of ABAaldehyde to ABA-alcohol and oxidation of ABA-alcohol to ABA via a cytochrome P-450 monooxygenase (Fig. 2) . A number of species convert exogenous ABA-aldehyde to ABAalcohol (3) . Theflc and sit tomato mutants and droopy potato, which is probably homologous to sit (3), also isomerize a significant amount of ABA-aldehyde to t-ABA-alcohol (3, 9) .
This isomerization and accumulation in the flc and sit mutants of tomato (8) give rise to t-ABA and t-ABA-GE (Table  I) as a result of t-ABA-alcohol oxidation (Fig. 2) . This conclusion is supported by results of 180-labeling studies that show a higher proportion of doubly-carboxyl-labeled ABA and t-ABA in the mutants of tomato (Table III) (Table IV) , plus the in vivo inhibition by CO of [2H3 6](±)ABA-alcohol oxidation (Table  V) and doubly-carboxyl-labeled ABA biosynthesis (Table VI) , indicate that a cytochrome P-450 monooxygenase is the catalyst for ABA-alcohol oxidation in tomato.
The labeling data (Table III) and feeding studies (Table IV) Table III , column 3, also can be synthesized from unlabeled ABA-alcohol). We conclude that this pathway is a minor source of ABA in plants but is physiologically significant in mutants that are impaired in ABA-aldehyde oxidation. Taken together with the quantitation data of Table II , which show that wild-type tomato synthesizes more t-ABA and t-ABA-GE than the flc and sit mutants, it can be concluded that oxidation of t-ABA-alcohol only accounts for about 10-15% of total t-ABA biosynthesis. We propose that the remainder of t-ABA is synthesized by a parallel pathway from all-transepoxy-carotenoids (Fig. 2) . '8O-labeling patterns in ABA and t-ABA from tomato suggest that the loss of ABA-aldehyde oxidase activity in the fic and sit mutants (24) also results in an increase in ABAaldehyde carbonyl oxygen exchange (Table III, (18) and only slightly reduced in ABAaldehyde oxidation (27) . Based on our data (Table III) and those of Taylor et al. (27) , ABA-aldehyde oxidase may be affected by the not mutation. Because the not mutant is extremely leaky, and the mechanisms involved in ['"O]ABA labeling have not been completely elucidated, and carbonyl exchange patterns are somewhat variable, we cannot conclude from our data that the site of action of the not mutation is ABA-aldehyde oxidase. Purification and characterization of the ABA-aldehyde oxidase activity from mutant and wildtype tomato may resolve some ofthe factors involved in ABAaldehyde metabolism.
